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Abstract 
     Many attempts have been made to save the power consumed by the Main Compressors of Refrigeration Plants. This paper 
deals with the adoption of a special technique based on the power regeneration by internal cycles to reduce the Vapour 
Compression Refrigeration Plant Power. In the paper, the possibility to optimize a cooling plant layout leading to an expected 
power decrement of some 23 - 26% is demonstrated. Car Engine Turbocharger Technology has been adopted to produce an 
innovative Compressor Expander Group (CEG). 
     Experiments on an ad hoc built Test Bench have shown the positive response of the system and the possibility of development 
of an innovative technology regarding the CEG. 
© 2015 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
Artificial COOL is a good widely used by human beings for refrigeration and air conditioning purposes. Vapour 
Compression Refrigeration Systems (VCRS) are the most used and are driven mainly by electric power. Domestic 
refrigeration, food processing and cold storage, refrigeration of industrial processes, transport refrigeration, 
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electronic device cooling, air conditioning, are the major relevant VCRS applications among the vast number of 
cases. Unit Cool Power (CP) may range from few hundred watts to more than 10 MW. The worldwide-consumed 
electric energy by VCRSs is an enormous quantity being some 15% of the whole one. Some 4.5% of the greenhouse 
effect total gas emissions is connected with such an electricity production. The millions of litres of gasoline, diesel 
fuel, liquid & Natural Gas burned to power cars trucks and ships air conditioners and refrigerators, must be added to 
the above consumption [1, 2]. It can be easily understood that a small percentage of power saving per unit of 
produced cool leads to an enormous amount of primary energy saving and of CO2 and other pollutant emissions.  
For these reasons, there is a continuous search to improve the VCRS Coefficient of Performance (COP) through the 
definition of new refrigerants and implementation of innovations in the cycle arrangements introducing new devices. 
     Conventional VCRS power saving methods are based on the increase of condensate subcooling, the adoption of 
ejector loops, the addition of flash tanks for multistage cycles, also trials to substitute the throttling valve with 
expanders used to reduce the main compressor power. An amply literature survey on VCRS cycle modifications is 
given in [3]. Also in [4] a literature review on two-phase ejector applications to VCRS is presented and discussed 
with COP improvements being analysed. Other main compressor power saving for constant cool power and cycle 
modifications for performance improvements have been reported in recent papers [5-12]. In addition, the adoption of 
Liquid Pressure Amplifiers has been analysed and experimented [13-15]. Various patents have been applied in this 
context [16-21]. Fig. 1 shows the scheme and the cycle of the [21] patent that appears as the most attractive in terms 
of feasibility and expected VCRS main compressor power saving for fixed cool power. COLD ENERGY research 
project subject has been the development of the crucial components for the patent concept demonstration. The Fig. 1 
cycle has been named Power Recovered Cycle (PRC) and the paper presents the concepts that lead to improved COP 
owing to the lower Main Compressor Power taken from the outside for constant CP.  
     The cycle optimization taking the machine features into consideration as well as the limiting quantities of the 
Bleed Evaporators will be discussed with reference to a special cryogenic refrigeration plant that has been taken as 
reference for the experimental activity. The characteristics of the expander and compressor will be discussed 
together with the design philosophy. The designed machines and their tests carried on the Refrigeration Test Bench 
will be presented and results commented. 
Nomenclature 
ȕ                 Pressure Ratio 
Cs      Sound Speed  
CSP      Spouting Velocity 
ǻ                 Difference 
D                Data, Diameter 
ȟ      Degree of Freedom  
Ds               Specific Diameter  
ڦ                 Efficiency  
G      Dependent Variables 
γ Relative Velocity Flow Angle, Blade Angle
gc                        Geometric Variables of the Components 
gm                       Geometric Shape 
H, h            Enthalpy    
m                Mass Flow Rate  
Ma      Mach Number 
ȝ      Dynamic Viscosity  
n                 Rotational Speed (rpm) 
ν Kinematic Viscosity
Ȧs               Specific Speed 
Ȧsc              Specific Speed of Compressor 
P      Power  
p                 Pressure    
ʌ               Pi Number  
Qc                        Cool Power  
Re  Reynolds Number  
ȡ                Density  
T                          Temperature  
U                          Peripheral Velocity 
V                          Volumetric Flow   
WF                       Working Fluid  
Zb                         Number of Bleeds 
Subscripts 
A                          approach  
b                           bleed, blade  
bgv  bleed generator vapour  
c                           compressor, condenser  
ce                         cooling effect 
e                           expander, evaporator 
g                           group 
i, j, k                     order number 
in                          inlet  
kin                        kinematic 
l                            lower   
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Subscripts (continue) 
m                          mechanical 
mc, MC                main compressor 
pp                         pinch point 
rc                          recovery compressor 
s                           isentropic, saturated 
sc                         simple cycle 
sh                         superheating 
Acronyms 
BEVs                   Bleed Expansion Valves 
BT                        Best Technology 
BVGs                   Bleed Vapour Generators 
CE                        Cooling Effect 
CEG                     Compressor Expander Group 
CETT                   Car Engine Turbocharger 
Technology 
CFD                     Computational Fluid Dynamic  
COP                     Coefficient Of Performance 
CP                        Cool Power 
DOF                     Degree of Freedom 
Acronyms (continue) 
FM & ECSG      Fluid Machinery and Energy    
                           Conversion Systems Group
HPB                   High Pressure Bleed 
IPRCs                Internal Power Regeneration  
Cycles 
LP                      Low Pressure 
MC                    Main Compressor 
MCP                  Main Compressor Power 
OF                      Objective Function 
PD                      Pressure Difference 
PRC                   Power Recovered Cycle; 
                          Power  Recovery  Compressor 
RC                     Recovery Compressor 
SC                      Simple Cycle 
VCRC                Vapour Compression   
                           Refrigeration Cycles 
VCRS                Vapour Compression   
                           Refrigeration  Systems 
VPA                   Vapour Pressure Amplifier 
VR                     Velocity Ratio 
)LJ6FKHPHRIWKHUHIULJHUDWLRQSODQWVKRZLQJWKHGHYLFHVRIWKH>@SDWHQWDQGWKHUHODWHGF\FOH
2. Scientific  & Technical  Background 
     Refrigeration cycles are systems by which heat is removed from an enclosed space by the action of a colder 
surface that is kept at a temperature lower than the surrounding by the action of a refrigerant that moves through the 
cycle components. Vapour Compression Refrigeration Cycles (VCRC) are taken into consideration in this paper. 
     The low temperature (pressure) Main Evaporator (ME) provides the extraction of the heat power as CP. The high 
temperature (pressure) condenser rejects it into the environment (directly or by an intermediate fluid loop). A Main 
Compressor (MC) accomplishes the transfer of the refrigerant from the low evaporator pressure to the high 
condenser pressure absorbing Power from the outside. A Main Expansion Valve (MEV), usually, closes the cycle. 
Fig. 1 shows the Simple Cycle (SC) points: 1sc, 2sc, 5, 8sc, 1sc.  
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     Many attempts have been done to reduce the power inputted into the compressor for a given CP. Among the 
various tries, the one based on the Power Recovery by means of Internal Power Regeneration Cycles (IPRCs) is 
investigated. IPRCs are performed by streams extracted from the condensate refrigerant. Suitable Bleed Expansion 
Valves (BEVs) reduce the direct cycle bleed stream pressures and temperatures. Then the bleed streams evaporate 
and superheat receiving the heat from the high-pressure condensate. The Cooling Effect (CE) rises owing to the 
additional condensate Subcooling and consequently, for a given CP, the mass flow rate through the ME decreases. 
Each bleed superheated refrigerant stream is processed by an Expander that drives a Power Recovery Compressor 
(PRC) increasing the pressure of the refrigerant from the ME. The bleed streams and the refrigerant from the PRC 
feed directly the MC. If the Degree of Freedom quantities are suitably chosen, the MCP is reduced. Thus the COP 
(i.e. the ratio between the CP and the MCP) rises. 
Generic Power Recovered Cycle 
     Fig. 1 shows the generic scheme of an internally power regenerated refrigeration plant equipped with two bleeds, 
two BEVs, two Bleed Vapour Generators (BVGs), and two expanders driving a compressor by means of a single 
shaft. The bleed streams are fed into the MC inlet together with the compressed flow from the ME. Such a plant 
interact with the cold and hot surroundings and with the power source by the cycle points: 1, 2, 7, 8, and 10 as 
shown in the cycle depicted in the same figure. 
     Details of the IPRC models are given elsewhere [22] here global outlines are stated. Variables and equations 
refer to the cycle specification and to the selection and sizing of the Vapour Compressor Booster (VPB). The latter 
receives one or more High Pressure Bleeds (HPB) forceful flows and a Low Pressure flow from the Evaporator 
(LPE) and delivers both the entering mass flows at an Intermediate Pressure towards the MC inlet section. Various 
solutions are possible for the VPB; in the Cold Energy project, a turbomachine based solution has been explored 
because of the highest expected VPB efficiency, less weight, cost and lack of time for development. 
The IPRC component specification refers to a generic plant like that shown in Fig. 1 and processes like the bleed 
evaporation and superheating that occurs in the BVG. Variables can be classified as data D, Degree of Freedom ȟ
and dependent ones G arrays:
• ܩ ൌ หܯܥܲǡ ȟ݄௖௘ǡ݉ெ஼ǡ݉௕௝ǡ ݉௘ǡ݉௖௝ǡ ȟ݄ெ஼ǡ ȟ݄௕௚௩௝ǡ ȟ݄௘௝ǡ ȟ݄௖௝ǡ ݌௞ǡ ௞ܶ ǡ ݌௞ǡ ݒ௞ǡ ݄௞ǡ ܥܱܲǡ ߟ௘௝ǡ ߟ௖௝ǡ ߟ௠௝ǡ ௝݊ ǡ ௖௜ห
• ܦ ൌ ȁୡǡ ୡǡ ୣ ǡ ȟୱ୦ǡ ȟୱୡǡ	ȁ
• ߦ ൌ หǡ ୱୠ୨ǡ ȟ୮୮୨ǡ ȟ୅୨ǡ ɘୡୱ୨ห
׊ ൌ ͳ െ Ǣ׊ ൌ ͳ െ Ǣ׊ ൌ ͳ െ   
CPN being the number of the cycle points; b being the number of bleeds; CN being the component number.
Equations in the following set  

 ൌ 	ሺܦǡ ߦሻ                                  (1) 
describe conservation of mass, energy, momentum and entropy, the Working Fluid properties, and auxiliary 
equations representing the empirical relationships concerning the component performance versus the related 
variables (i.e. component technology).They establish the calculation models to be solved by a simultaneous solution 
technique based on cycle and component sizing procedure as described in [22]. This solution method requires 
establishing a suitable Objective Function (OF) minimization process being constrained by the equation set (1) and 
by bound conditions expressed as inequalities. The optimized solution leads to establish also the gci sets of 
geometric variables of the components influencing the objective function. Parallel design processes led to establish 
the other component sizes. 
     Innovative aspect of this research activity is the selection of the Compressor and Expander units to arrange the 
Compressor Expander Groups (CEGs) by choosing and modifying items included in an available turbomachinery 
technology. 
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     The MCP represents the OF to be minimized given the D set. Concerning the Degree Of Freedom (DOF) the 
following can be stated: 
• ǻTppj and ǻTAj, being the pinch point and the approach temperature differences in the BVGs, lower 
they are lower the MCP is. Reducing such temperature differences, the sizes of the BVGs become 
larger and larger increasing also the initial costs of the plant. The right compromise consists in 
establishing the lower bounds for them ሺȟ୮୮୨௟ and ȟ୅୨௟ ሻǢ
• b, being the number of bleeds; the higher b, the lower MCP. Increasing b, the MCP step reduction 
becomes lower and lower while the plant initial cost rises. Thus, b (1 to 3) can be assumed depending 
on the application; 
• ǻTsbj ׊ j=1-b, being the saturation temperatures of the bleed inside each jth BVGj can be optimized to 
achieve the best OF; 
• Ȧcsj, being the specific angular speed of each j compressor to be selected, leads to the geometry 
selection of turbomachinery to achieve the best efficiency of the jth CEG  ( ߟ௚ ൌ ߟ௖௝ ڄ ߟ௘௝ ڄ ߟ௠௝). Thus, Ȧcsj optimum values have to be searched.  
     According to the above, ǻTsbj and Ȧcsj   ׊j=1-b are the DOFs to be optimized. 
Compressor Expander Group 
    Models for CEG turbomachine selection, sizing and efficiency evaluation are required for the solution of the 
optimization process. The outcome is used for the detailed design to build the CEG. The model is based on the 
concept that, for any feasible set of variables (including efficiencies of turbomachines), the CEG adiabatic 
expansion and compression processes can be described as function of the thermodynamic quantities of the initial 
points (turbomachine inlet), local pressure and loss coefficients. For each turbomachinery, the mass flow rates as 
well as the volumetric flow rates are known. It can be easily understood that the sizing process of the CEGs is based 
on an iterative procedure established on compressor and expander efficiencies to be exchanged with the cycle model 
and then contributing to the OF. Two activity levels concerning a given turbomachinery technology can be 
identified. The first one regards the selection of turbomachinery and the second one consists in the sizing of them for 
the CEG performance evaluation. Due to the lack of a wide empirical knowledge for this application and the 
practical absence of a commercially available items, it has been decided the adoption of Car Engine Turbocharger 
Technology (CETT). They are built in millions of units, they work under severe conditions and they show very good 
fluid flow performance. Then high availability, reliability and efficiencies are expected together with low cost for 
the CEG. Selection has been made taking similitude rules into consideration. Similarity concepts mean that 
turbomachines being geometrically similar (i.e. they have the same shape - equal angles), working under kinematic 
similarity (i.e. triangles of velocities are similar - same vertex angles) and operating with flow fields having the 
same Reynolds and Mach numbers, show the same efficiencies. V volumetric flow rate (at the inducer for 
compressors and at the exducer for expander); D wheel diameter (exducer for compressors and inducer for 
expander); ȡ working fluid density; µ fluid dynamic viscosity; Cs working fluid speed of sound; ǻhs isentropic 
enthalpy difference across the machine; n rotational speed (rpm) variables have been taken into consideration.  
     A turbomachinery geometric shape )( mg  being connected to a flow field shape, leads to performance that can be 
described as function of four no-dimensional groups: Ȧs specific angular speed; Ds specific diameter; Re Reynolds 
number and Ma Mach number. For sufficiently high Reynolds number (106) losses are almost insensitive to it. Mach 
number sufficiently lower than 1 also shows little influence. In CETT, exhaust expansion takes place at temperatures 
between 900 and 1200 K and higher while air compression starts around 300 K. R404a sound speed ranges from 140 
to 165 m/s. To avoid efficiency penalties, the wheel Mach number of high efficiency air (exhaust) operated 
machines has to be kept lower in turbomachines working with R404a. Working fluid R404a sound speed is about 
44% of the air when these fluids are compressed. This ratio becomes some 25% when engine exhaust gas and R404a 
expand. Mach number preservation and similar velocity triangles imply changes in peripheral velocities. Therefore, 
accordingly to the sound speed ratio in the expander, the rotational speed must vary. The ratio between the 
kinematic viscosity of the air (exhaust) and the one of the R404a is higher than this application. Therefore, for equal 
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size turbomachines, the R404a Reynolds number is not relevant. According to the above only Ȧs and Ds are 
sufficient to describe performance of geometrically similar machines operating with different working fluids under 
kinematic similarity (similar triangles of velocity). According to Similitude [23-26], the concepts of specific speed 
and specific diameter have been taken into consideration to establish the empirical relationship 
0),,,( =mssDs gDf ηω                                                           (2) 
that depends on the main flow field shape related to the turbomachine geometry. 
For compressors, this equation leads to establish a relationship 
0),,,,,,,( =Δ cskinsb HZDnf ωνγη                  (3) 
that, for given geometry shape and blade number under flow similarity (similar velocity triangles), leads to 
0),( =ηωsf                     (4) 
     Any technology level characterized by congruent or similarly shaped compressors can be classified by a 
Database and their single wheels can be modified to be adapted to the new needs ),,( insin HV ρΔ with the efficiency 
that is achievable using such a technology. 
     For expanders, equation (2) is substituted by the product between Ȧs and Ds leading to Velocity Ratio )(VR that is 
the ratio between the peripheral velocity and the spouting one. It can be expressed as function of n , D  and SHΔ : 
SSP H
nD
C
UVR
Δ⋅⋅
⋅⋅
==
260
π
                                 (5) 
Its value has to range from 0.60 to 0.80 for expanders reaching high efficiencies. Moreover, for radially oriented 
rotor blade leading edges, the inlet angle of the relative velocity have to be kept between 25 and 50 degs in respect 
to the peripheral tangent of the wheel  [25,26]. To privilege efficiency, partial admission expanders must be always 
avoided, and then stator nozzles have to distribute the flow all around the wheel periphery. The radial gap circle of 
the stator blades trailing edges and the rotor inducer diameter is related to the blade height by a coefficient 
depending on the flow Mach number and nozzle geometry. Suggestions contained in [24-32] are taken into 
consideration to design a high performance turbine.  
Turbomachinery Selection from a Technology 
     The selection of the compressor and expander wheel geometries is a rather complex task. One approach is 
consists in selecting the Best Technology solution that means the achievement of the best efficiency of the CEG. In 
this case a long development is necessary to asses by accurate 3D CFD the geometries that are chosen by the 
similitude concepts. 
     Due to time and cost constraints, it has been decided to adopt the Car Engine Turbocharger Technology. The 
selection is related to the:  
- Compressor- made by the wheel and unbladed diffuser; 
- Expander- made by nozzle blades, the wheel and the exit diffuser;  
- Shaft and bearing central housing to meet the torque needs.   
     CETT empirical Database need to be used. Fig. 2 shows a CETT Compressor map and the empirical Data Base. 
The top right figure shows for a specified pressure ratio, the efficiency, the rotational speed, the specific angular 
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speed, and the corrected mass flow rate versus the volumetric flow rate entering the compressor. Each point 
correspond to a wheel of a unit of the family associated to an O&M. The bottom left figure gives a single wheel 
performance taken along the maximum efficiency curve. Such data are the efficiency, the pressure ratio, the 
rotational speed, the specific angular speed, the specific diameter, the Best Technology specific diameter [25, 26] 
versus volumetric flow rate. In the bottom right figure, the same data are reported versus the specific angular speed 
together with the product between the specific diameter and the specific angular speed. In addition, the Best 
Technology data are given. 
     CETT expander wheels usually are rigidly connected (welded) with the shaft. Since there is a strong reduction in 
the rotational speed, the expander size is selected taking the torque that the shaft is able to withstand. 
3. IPRC demonstration 
     The IPRC concept experimental demonstration has been performed by building a cryogenic cooling plant for 100 
kW cool power, R404a being the working fluid for such a plant. The design main evaporator temperature Te = - 
40°C (Pe=133kPa) and the condenser one Tc = + 40°C (Pc=1830kPa) have been selected. The scheme of Fig. 3
shows two bleeds for condensate subcooling purposes and only one CEG installed in the highest-pressure bleed 
stream, the lowest pressure bleed being discharged directly into the MC inlet, downstream of the Recovery 
Compressor (RC).
Cycle optimization results 
     The plant cycle has been optimized to achieve the minimum MCP consumption by using the above-described 
models, procedures and methodologies. 
Quantities that have been assumed for the design are: working Fluid R404a; Tc=40 °C; Te= -40 °C; ǻTsh=5 °C; 
ǻTsc=5°C; ǻTppj=30 °C; ǻTAj=30 °C; b=2; The Main Compressor efficiency has also been assumed according to the 
applications in the field. The well-established Simultaneous Solution Methodology used by Roma Tre Fluid 
Machinery and Energy Conversion Systems Group (FM & ECSG) [22] has been used to accomplish evaluations. 
  
         Fig. 2. CETT compressor database 
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     Calculations have also been performed for four cases: Simple Cycle (as reference); one bleed (1B1CEG); two 
bleeds with two CEGs (2B2CEG); two bleeds with one CEG (2B1CEG), the second bleed being discharged after the 
heat transfer device directly into the Main Compressor inlet manifold. Comparative results are shown in table 1 
where in the columns are given, cases that have been elaborated and in the rows there are the plant quantities. 
     It can be observed that in all the IPRC cases the MCP has strong reduction in respect to the SC. The adoption of 
two bleeds with one CEG installed on the highest Pressure bleed and the second bleed being used for condensate 
subcooling purposes and being injected downstream of the HPB Recovery Compressor, in the MC inlet section, has 
been chosen as demonstrator plant. 
Table 1. Optimum calculations of IPRC options 
A 
QUANTITY 
B 
SC 
C 
1B1CEG 
  D 
(C-B)/B 
% 
 E 
2B1CEG 
 F 
(E-B)/B 
% 
   G 
2B2CEG 
H 
(G-B)/B 
% 
QC  KW 100.00 100.00 0 100.00 0 100.00 0 
PMC  KW 101.50 78.53 -23 74.98 -26 74.31 -27 
COP 0.98 1.27 30 1.33 36 1.35 38 
ΔHCE  KJ/KG 84.18 142.71 70 178.20 112 168.21 100 
MMC  KG/S 1.19 1.06 -11 1.05 -12 1.07 -10 
MB1  KG/S   0.36   0.31   0.32   
MRC1  KG/S   0.70   0.56   0.54   
MB2 KG/S       0.18   0.15   
MRC2  KG/S           0.06   
       
Demonstrator Test Bench 
     The optimized 2B1CEG scheme is shown in Fig. 3 and has been calculated by the above methodology. The CEG 
data are given in Fig. 4. It can observed that vapour by-pass connects the MC exit to the Expander to have the 
possibility of modifying the CEG rotational speed. In Fig. 3, also the control system has been given. 
             Fig. 3. Scheme of the demonstrator layout                                               Fig. 4. CEG optimized thermodynamic and flow data  
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4. Test Bench and Experimental Set Up 
     According to the simulated results, a test bench based on the scheme of Fig. 3 has been designed, components 
have been manufactured and assembled together to set up the test bench. The various sections are briefly illustrated 
in the following. 
Refrigeration loop 
     The plant is composed of various sections:
1. The cold loading system that is for the production of the heat power to be exchanged in the evaporator at a 
given temperature Te. Heat Power can be set up to about 200kW and Te from - 45°C to - 20°C. Both these 
two quantities can be kept constant in the time each independently from the other; 
2. The condensing section allows keeping the temperature Tc constant in the time. Tc can be set in agreement 
with the experiment boundary conditions. Its lower value is  related to the temperature of  the water from 
the tower; 
3.  Two bleeds have been derived and equipped with the relative bleed expansion valves and bleed vapour 
generators; 
4. The High Pressure Bleed has been equipped with a CEG container to avoid Refrigerant leaks and 
contamination. Photo of Fig. 5 gives an idea of the containment system. 
Data acquisition system 
     This system allows acquiring all the analogical and digital 
nature signals. They are generated by the system. Based on the 
signals acquired and on the parameters, which can be defined by 
the system operator, the application allows the following 
functionalities:
• The management of the alarms; 
• The control of motorized valves; 
• The calculation of many thermodynamic parameters; 
• The visualization on a synoptic representing the plant 
scheme of the alarms measured and calculated 
quantities; 
• The recording of the useful data.   
                                                                                              Fig. 5. CEG Installed in the Cold Energy Test Bench
                        
Fig. 6. Bloc scheme of the key operators and synoptic view of the test bench P. & I. 
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     The software architecture allows each module to operate 
independently each other. This for a more accurate timing. The 
information transfer between modules is realized using global 
shared variables, which can be accessed by all modules at any time.  
In the previous Fig. 6, the key global variables are shown as 
databases where specific modules can, at any time, read and write 
data. The scheme shows the types of access which each module 
implement on the different databases. The synoptic drawing of the 
plant on a computer screen is shown in this figure.
Compressor Expander Group 
     Decisions connected with the timing and the funding for the 
R&D activities have led to the use of the CETT to avoid some time 
consuming and costing investigations. 
The various selections have been connected with the sizing of: 
Compressor wheel and diffuser 
Expander wheel, nozzle blading and exit diffuser 
Shaft and Bearing Housing                                                 Fig. 7. Photos of compressor wheel (A), front & rear disks (B)
Moreover, the expander nozzle that guides the flow into the turbine wheel has been designed (see Fig. 8). In 
addition, the lubrication system has to be taken into consideration.
             
Compressor wheel selection                                                                                                                                                              
     Since the inducer blade angle being unchanged and the refrigerant incidence  angle  as  to  be  equal  to  that of 
the air best efficiency, the selection is made according to the specific speed (i.e. similar inlet velocity triangles and 
inlet flow shapes). Among the various candidates, the choice has been made taking into consideration the exducer 
diameter. It has been machined to accommodate both the total enthalpy rise and the exit volumetric flow to have 
similar triangles of velocity. Photos of Fig. 7 show the compressor wheel after modification; the left hand rotor 
blades have been cut. In addition, the casing rear and front disks with the inlet duct are given in the same figure.  
Expander wheel and shaft assembly 
     Expander wheel is rigidly welded with the shaft. It has to be selected 
taking the torque to be transmitted into account, because the shaft 
running speed is rather low in respect to the original spinning owing to 
Mach number preservation. Thus, the shaft stem has been selected 
accordingly. Refrigerant operational temperatures are strongly reduced in 
respect to a traditional turbocharger one. This is in favour of stability and 
safety. Sizes of the turbine inducer and exducer have been modified to 
meet the efficiency goal. Since the selected Expander Wheel and Shaft 
assembly establish the exit angle, it has been possible to calculate the exit 
pressure and triangles of velocity at any exducer diameter, taking the 
diffuser that is required to lower the axial velocity to about 10 m/s into 
consideration.                                                            
      Since the flow angles at the rotor exit are known for any selected 
wheel, given the volumetric flow at the exducer exit, the tip diameter can 
be calculated. Inducer blade height is established by the flow angle at the 
rotor inlet and by the related volumetric flow.           Fig. 8. Turbine nozzle vane arrangement
     Nozzle vanes have been designed to reach the required velocity and  
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the flow angle at the rotor inlet. Losses depend on the 
nozzle exit angle, on the channel length and passage 
size and shape. Nozzle blade trailing edge circle is 
suitably located upstream of the rotor leading edge 
circle. Fig. 8 shows the nozzle blades on the plate that 
contains the wheel. Moreover, a diffuser is located 
downstream of the exducer station to allow the best 
selection of the expander wheel exducer pressure that 
contributes to the wheel exit velocity triangle shape and 
size. 
     A ball bearing housing has been adopted mainly for   
two reasons: The first is related to the lower losses 
produced by the angular ball bearing cartridge and easy 
Fig. 9. CEG details                                                                                        repair; the second is related to the lubrication aspects. 
The test bench is equipped with an oil lubrication system. 
The oil is the same used for main compressors of 
cryogenic plants. Theory and Tests made in the Roma Tre 
lab have shown that such an oil can safely be used to 
lubricate the bearing.                                    
     Fig. 9 shows details of the CEG assy and the expander              
inlet duct.  Fig. 10 shows an exploded 3D drawing of the 
CEG components.                                                                             
     The CEG has been tested on a Roma Tre compressed 
air operated test bench (see Fig. 11). It has demonstrated 
the capability of continuous and safe running. Moreover, 
the air test results have been used to predict the CEG 
Fig.10. CEG exploded 3D representation                                         performance when the working fluid is a succedaneous  
                                                                                             one of the R404a. Such a forecast CEG performance has 
demonstrated that the built CEG would       
 be capable to satisfy the needs for the R404a 100kW Cool  
 Power Test bench.                                                                             
         
5. Performance Tests and Results 
     The test bench for 100kW cool power has been 
equipped with the CEG. Fig. 5 shows the CEG installed 
inside the container that behaves as manifold for the RC 
and expander exit flows to be sent into the MC inlet. A 
photo of the whole bench is shown in Fig. 12. The test 
bench has been operated under Simple Cycle arrangement 
to evaluate the reference conditions. 
     At this research stage, the Test bench MC availability 
was for about 50kW cool power. Therefore, steady state 
conditions allowed the CEG to run under the derated 
Fig.11. Compressed air operated test bench                                     behaviour at some 20 krpm. Thus, a sudden step opening    
                                                                                            of the condenser by-pass valve carried on full load CEG     
                                                                                            running tests.                                                                                      
     Fig. 13 shows the pressure differences across the expander and the compressor versus the rotational speed. It can 
be seen that at the rotating velocity from 30 krpm to 40 krpm the pressure increase produced by the Recovery 
Compressor ranges from 80kPa to 100kPa. The expander pressure drop ranges from 4 to 5 bar when the rotational 
speed ranges from 35 to 40 krpm. Both these results are in the design expected values.  
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Fig. 12. The Test Bench        Fig. 13. Pressure difference versus rotational speed 
Fig. 14. Speed versus expander mass flow                                                                Fig. 15. Main Compressor Power saving versus rotational speed
     Tests made keeping the condenser by - pass valve off, and operating the bleed valves to maintain the calculated 
superheating the test bench behaves under steady state conditions. The CEG velocity has been led at some 20 krpm 
producing a 20kPa pressure increase. The pressure drop across the expander has been some 150kPa. The test cool 
power was some 52 kW. Steady State speed versus expander mass flow is given in Fig.14, blue points represent the 
Steady State run at 20000 rpm with about 700 kg/h (194,4 g/s). Red points represent the predicted points 
corresponding to the blue ones, when the CEG machines would behave under similarity conditions at the nominal 
loading. Such values correspond to 100kW test bench cool power.
     Main Compressor Power saving, in respect to that consumed in simple cycle arrangement is shown in Fig. 15.   
During the steady state behaviour of the test bench that makes the CEG run under derated conditions, the blue points 
can evidence some power saving of 10% 12%. In addition, in this case, the behaviour, for 100kW cool power has 
been simulated under similarity conditions. Some 18%-22% MCP saving has been predicted. The red point spot 
reports such a forecast. As soon as possible tests to validate the 100kW cool power test bench behaviour will be 
performed when the adequate MC will be available. 
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6. Conclusions 
     Cryogenic plant power consumption can be reduced by means of direct power regeneration. Internal cycles make 
the condensate subcool to increase before the main expansion valve and increase the pressure at the inlet of the Main 
Compressor. Saved power for optimum designed and matched systems is expected to be higher than 20%-22% in 
respect to that of the Simple Cycle.    
     The Compressor Expander Group behaviour, that increases the pressure at the Main Compressor inlet, has been 
demonstrated. The CEG can be obtained by modifying Car Engine Turbochargers, machining the compressor and 
expander wheels and remarking the casing. Nozzle has been designed for transonic flow expansion. 
Tests have shown the feasibility of the concept and the saving that can be achieved. 
Moreover, some evaluations on the possibility of using the liquid refrigerant R404a as lubricant for the ball bearing 
cartridge. The response is positive; tests will be done as possible. The adoption of hybrid bearings seems the most 
adequate for this application.  
     The bleed system for condensate subcooling including the CEG for Power Regeneration can be used to upgrade 
already existing plants. Some increase of the cool power, depending on the Refrigeration plant features, can be 
obtained, and a COP increase of some 22 – 23 %, is expected.  
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